This review discusses the bioavailability of active components of green and black teas--in hot brewed tea, cold tea, and dietary supplements containing tea extracts, based on literature published in 1995-2011. Many publications demonstrate that consumption of tea increases the antioxidant status of a person (between 3.5-76%) and reduces the concentration of oxidative stress biomarkers in biological fluids. In 1-2 hours after tea intake, epigallocatechin gallate (EGCG), epicatechin (EC), and epicatechin gallate (ECG) at a level of 5-150 ng/ml were detected in plasma by HPLC. The results of pharmacokinetics and metabolism of biologically active tea components analyzed within 24 hours in plasma, urine, and feces by HPLC-MS and GC-MS are presented. Dozens of metabolites were identified in urine and plasma-these are methylated, sulfated, and glucuronide conjugates of catechins. Some metabolites were shown to have high antioxidant activity. The role of the small intestine and colon in absorption of catechins was also identified.
Introduction
The biological activity of green tea and other teas is directly related to their bioavailability, therefore the bioavailability of tea is a primary parameter.
Bioavailability is typically estimated by measuring that portion of a drug (as a percentage) which reaches the systemic blood flow after its non-systemic administration.
In order to use tea components as effective antioxidant therapy, one needs first to know the content of polyphenol antioxidants in different varieties of tea, and, secondly, their bioavailability. It is well known that not all polyphenols are absorbed with equal efficiency. Antioxidants are extensively metabolized by liver enzymes.
Knowledge of polyphenol metabolic processes and bioavailability is needed to evaluate their biological activity in tissues. Knowledge about the bioavailability of antioxidants is also essential for understanding their effect of on human health. being absorbed, these flavonoids must be hydrolyzed by intestinal enzymes or gut flora. During absorption, polyphenols are conjugated first in the intestine and later in the liver. These reactions mainly include methylation, sulfation, and glucuronidation. Polyphenols are able to penetrate tissues (Holst & Williamson, 2004) .
Polyphenols and their derivatives are eliminated from the body in urine and bile.
The bioavailability of tea components, in particular catechins, may be determined by several methods:
-by the increase of the antioxidant activity (capacity) of plasma or human serum after consumption of tea or its individual components;
-by direct determination of catechins in biological fluids and tissues one or two hours after consuming a certain quantity of tea or individual catechins;
-by determining the effect of consumed tea and its components on reduction of oxidative stress markers. Table 1 presents data related to increased antioxidant activity (AA) of human plasma after consumption of different quantities of tea.
Tea consumption reduces concentrations of oxidative stress biomarkers in biological fluids. The most well-known oxidative stress biomarkers are: 8-hydroxydeoxyguanosine (8-OHdG), tyrosine derivatives, malondialdehyde, F 2 -isoprostane, and phosphatidylcholine hydroperoxide (РСООН) -marker of oxidative injury of plasma lipoproteins (Miyazawa, 2000) .
The consumption of 900 ml of green tea per day for 7 days was shown to reduce 8-OHdG in human urine by 40% and malondialdehyde by 80%, while there were wide individual variations noted (Klaunig et al., 1999) . Consumption of green tea reduced PCOOH concentrations in human plasma by 60% (Nokagawa et al., 1999) Increased consumption of green tea reduced the concentration of F2-isoprostane in humans and animals (Morrow et al., 1999 ).
An anticarcinogenic effect of green tea and its catechins has been observed in many studies . Especially strong results were obtained in animals.
Prolonged exposure to UV radiation promotes the formation of cyclobutane pyrimidine dimer (CPD) which plays an important role in skin carcinogenesis (Katiyar et al., 2001) . If skin is treated with an EGCG solution (1-4 mg/cm 2 ) 20 min before UV radiation, the formation of CPD is significantly reduced (Katiyar et al., 2000) .
Investigation of the Bioavailability of Tea Catechins
Bioavailability and metabolism of some individual catechins such as epigallocatechin gallate (EGCG), epicatechin (EC), epigallocatechin (EGC) and epicatechin gallate (ECG) as well as total catechins of green and black tea in humans have been studied rather frequently Daniele Del Rio et al., 2010; Sun et al., 2009; Henning et al., 2004; Chow et al., 2001; Higdon et al., 2003; Chow et al., 2005; Nakagawa et al., 2009; Crozier et al., 2009; Li et al., 2000; Meng et al., 2001; Auger et al., 2008; Stalmach et al., 2009; Spencer et al., 2003; Aura, 2008; Selma et al., 2009; Feng, 2006; Mulder et al., 2005; Dalluge & Nelson, 2000; Lee et al., 2011; Lee et al., 2011; Ku et al., 2010; Lee et al., 2010; Roowi et al., 2010) .
Bioavailability and metabolism processes of black tea theaflavins and thearubigins were studied significantly less Wiseman et al., 2001) . High dose (700 mg) of mixed theaflavins was given two healthy volunteers, one male and one female. Only theaflavin was detected because enzyme treatment also removed ester gallate. Maximum theaflavin concentration detected in the plasma of the female and the male were 1.0 and 0.5 µg/L, respectively, and maximum concentrations in urine were 0.6 and 4.2 µg/L, respectively, all at 2 hours ).
The beneficial health effects of tea catechins are fundamentally related to their bioavailability, absorption, distribution in various organs, metabolism, and excretion from the body.
The bioavailability is estimated by the concentration of a particular catechin or its metabolites in a certain organ. It is impossible to accurately determine these parameters in vivo in humans due to the difficulty of accessing the organs; therefore, such studies are conducted on animals. However, the bioavailability and metabolism of catechins in humans and animals may vary. The absolute bioavailability is often estimated by the number of active compounds into the blood.
As already indicated, bioavailability consists of several interrelated processes: liberation, absorption, distribution, metabolism, and excretion (Holst & Williamson, 2004 ).
The absorption is hard to assess precisely. Sometimes it is judged by excretions in the urine. However, the total absorption cannot be assessed in this way because some catechins could be metabolized by the liver and conjugate in the intestines (Warden et al., 2001) . Only about 1.7% of consumed catechins are found in plasma, urine, and feces of a person who drinks black tea. Bioavailability of gallocatechins is lower than that of catechins without galloyl groups (Warden et al., 2001) .
Catechins (EC, ECG, EGC, and EGCG) are relatively high molecular weight compounds (300-450) comprised of more than 5 hydroxyl groups. They have low bioavailability due to their large size (Lipinsi et al., 2001) . The level of catechins and other flavonoids in plasma does not exceed 1 μM when consumed in typical amounts (1-2 cups, 100-200 mg of catechins).
The total concentration of catechins (both free and conjugated) is about 2-3 μM or less (Yang et al., 1998) . These plasma concentrations are much lower than those used in studies in vitro.
Various measurements, including HPLC, showed that the concentration of catechins in human plasma increases in 1-2 hours after tea consumption. But the bioavailability of tea catechins is relatively low-only 0.2-2% of the consumed amount of catechins gets into plasma of healthy humans (Wiseman et al., 2001) . When green tea is consumed in high doses, the overall level of catechins in human plasma is about 0.6-1.8 μM (Holst & Williamson, 2004) .
In one study, the bioavailability of catechins (flavan-3-ols) after consumption of cold tea in sealed packages was investigated in 20 volunteers (Del Rio et al., 2010) . After consumption, the urine of volunteers was analyzed over a 24 hour period by HPLC-electrospray MS/MS. Eight metabolites of flavan-3-ols and unmetabolized gallic acid were identified in urine. Urine contained 7.2% of flavan-3-ols and 4.5% of gallic acid in relation to their total amounts contained in the consumed tea. The maximum level of 5 metabolites (epicatechin sulfate, methyl-epicatechin sulfate, epicatechin glucuronide, epigallocatechin glucuronide, and methyl-epigallocatechin glucuronide) were observed in the urine 4 hours after consumption of cold tea; the maximum level of 2 metabolites (methyl-epigallocatechin and methyl-epigallocatechin sulfate) were present in the urine only after 10 hours; whereas the content of epigallocatechin in the urine was seen as constantly increasing over a period of 24 hours. Bioavailability observed in this study (Del Rio et al., 2010) was consistent with a previous study (Stalmach et al., 2008) .
The bioavailability of pure EGC, ECG, and EGCG in healthy people was investigated. After consumption of 1.5 mM of EGC, ECG, and EGCG alone, the average plasma concentration was 5 μМ, 3.1 μМ, and 1.3 μМ respectively (Van Hof, 1998) . One large review (Sun et al., 2009 ) summarizes pharmacogenetic parameters of tea metabolites in human body after consumption. After oral consumption of 100 to 1600 mg of pure epigallocatechin gallate, 0.26 to 6.35 µm of epigallocatechin gallate was detected in plasma in 2-3 hours; some conjugated compounds of epigallocatechin gallate in the amount of 0.28 to 7.40 µm were also found in 1.9 to 4.6 hours.
These data show that the bioavailability of various catechins varies greatly. EGCG is the least bioavailable. During absorption, catechins undergo intensive bioconversions, including methylation, sulfonation, etc (Meng et al, 2002) . It is assumed that about 80% of tea catechins in plasma and urine are in the form of their conjugates. Some conjugates have intact hydroxyl substituents, which can capture superoxide free radicals, and their antioxidant efficiency remains quite high (Kuhnie et al, 2000 , Voidyanathon & Walle, 2002 , Li et al., 2001 , Li et al., 2000 . Even having low bioavailability, tea catechins have a salutary effect in many diseases. Table 2 provides a list of studies which determined the catechin content in different biological fluids and tissues of humans and animals. Table 3 shows specific examples of bioavailability of green tea, black tea, and tea catechins separately.
The evidence for antioxidant effects of tea demonstrated in clinical trials is summarized in one review (Manach et al., 2004) . The authors have come to the unequivocal conclusion that flavonoids-tea antioxidants-are absorbed in the intestine, which leads to a significant increase in antioxidant capacity of human plasma an hour after tea consumption.
In one study, it is assumed that part of the catechins is present in a metabolized form (Natsume et al., 2003) . In particular, dimerization of EGCG in an alkaline medium results in new compounds (theasinensins A and D) which antioxidant activity is 2-3 times greater.
In another study, an improved HPLC method with a coulometric detector was proposed for the polyphenols of green and black tea in different biomatrixes (plasma, urine, saliva, and tissues) (Pietta et al., 1998) .
Polyphenols were extracted with ethyl acetate. Major catechins, theaflavins, and catechin metabolites were identified by HPLC.
The catechins were determined in plasma, saliva, and urine. Tissue samples for the determination of catechins in tissues were taken from rats.
Approximately 180 ng/ml of EGCG, 156-158 ng/ml of EGC, 68-70 ng/ml of EC, and 85-87 ng/ml of ECG were detected in plasma (ng = -1·10 -9 g). The detection limit was at 5-10 ng/ml.
The proposed method gives reproducible and reliable results in determining the eight major polyphenols at the same time.
The bioavailability of green tea and its individual catechins was investigated in several studies (Table 3 ) (Nokagawa et al., 1999 , Clifford et al., 2000 , Manach et al., 2004 .
In example number 4, 6 mg of EGCG was detected in the entire blood by HPLC upon consumption of 82 mg, which is less than 7% of the consumed amount.
Metabolism and Pharmacokinetics of the Biologically Active Tea Components.
Catechin metabolites (e.g., EC, ECG, EGC, and EGCG) were determined in humans after oral intake of green tea (Pietta et al., 1998a , Pietta et al., 1998b , Mudler et al., 2005 , Yoshino et al., 1999 ).
In human plasma, the portion of the methylated EGC is higher than that of ECG and EGCG (Ho et al., 1995) .
In human plasma, a greater amount of EGCG is present in the free form than EGC and EC which are mostly in the conjugated form (Meng et al., 2002 , Kotani et al., 2003 . In one hour after drinking tea, 77% of EGCG was in the free form in human plasma, whereas the result was 31% and 21% of EGC and EC respectively (Meng et al., 2002) . After consuming a tea supplement and pure catechin, over 80% of catechin found in plasma was in the bound form. EGC has not been detected at all, whereas 57-71% of ECG was present in the glucuronidated form, 23-36% in the sulfonated form, and 3-13% in the free form. In urine, over 90% of EGC was in the sulfonated form (Unno et al., 2005) .
The catechins which are not absorbed in the small intestine, reach the large intestine which contains trillions of microorganisms. Bacterial enzymes degrade polyphenols to simpler molecules, in particular to oxyaromatic acids. Then these products of microbial metabolism are absorbed. Some of these metabolites were identified (Li et al., 2000) .
Absorption, metabolism, and excretion in urine of green tea flavonols were studied by HPLC-MS in 10 healthy volunteers who were taking 500 ml of Choladi green tea (Choladi, India), containing 648 µmol of flavan-3-ols . After consumption of green tea, plasma and urine were analyzed over a 24 hour period. Ten metabolites of O-methylated, sulfated, and glucuronide conjugates of epicatechin and epigallocatechin at a concentration of 29-126 nM were found to occur 1.6-2.3 hours after ingestion. This proves that absorption occurs in the small intestine. Plasma also contained unmetabolised epigallocatechin gallate and epicatechin gallate at concentrations of 55 and 25 nM, respectively. Fifteen metabolites of epicatechin and epigallocatechin were identified in urine. No metabolites of epigallocatechin gallate and epicatechin gallate were detected. Overall flavanol excretion was estimated at 8.1% of intake but excretion of certain flavanols varied from 11.4% to 28.5% of intake. These studies have shown that epicatechins are more bioavailable than other catechins in green tea.
Hippuric acid is the main metabolite when black tea is consumed (Tsuchiya et al., 1997 . Hippuric acid was also detected in urine when green tea was consumed (Tsuchiya et al., 1997) . After consumption of black tea, 1,3-dihydroxyphenyl-2-0-sulfate was identified as a metabolite (Yang, 2000) . Extremely low levels of theaflavins were detected in human plasma and urine after consumption of black tea (Clifford et al., 2000) .
One study claims that about 43% of tea polyphenols is metabolized to hippuric acid . It has been suggested that thearubigins also are degraded to hippuric acid (Tsuchiya et al., 1997) . But hippuric acid can also be derived from aromatic amino acids. That is why 3-hydroxyhippuric acid is considered as the best biomarker for tea consumption (Rechner et al., 2001 ).
In one study (Lee et al., 2010) , catabolites in urine and feces were investigated by GC-MS in patients with a functioning colon and in patients without a colon. In the first group of patients, the following components were detected in the urine within 24 hours: pyrocatechin, pyrogallol, 4-hydroxybenzoic acid, 4-hydroxyphenylacetic acid, 3-methoxy-4-hydroxy-phenylacetic acid, and hippuric acid. In patients without a colon, only hippuric acid and 4-hydroxyphenylacetic acid were found in small amounts. The above acids were detected in feces 24 hours later.
Only very few studies related to the determination of the tea components in human tissues were published. In one study, the bioavailability of both green and black tea polyphenols was investigated by their content in human prostate tissue samples (Kim et al., 2000) . The content of both free and conjugated EGC and EGCG in these tissues was significantly higher in people who consumed tea than in people who consumed an aqueous solution of caffeine.
Tea metabolites are primarily excreted through the urine, and highly conjugated tea components through the bile (Manach et al., 2004) . The half-life of tea catechins in the body is approximately 2-3 hours. EGCG is excreted more slowly (Manach et al., 2004) .
In one study it was shown that the bioavailability of tea polyphenols in tea dietary supplement capsules is much higher than after consumption of green and black tea (Serafini et al., 2000) . This fact requires further research. The effect of food matrix on the bioavailability has not yet been investigated.
It is crucial to evaluate the bioactivity the glucuronidated, sulfated, and methylated derivatives of catechins (metabolites) to establish a link between tea consumption and cancer risk (Nokagawa et al., 1999) .
Once absorbed, the tea catechins are metabolized by glucuronidation, methylation, and sulfonation converting the catechins into more hydrophilic compounds (Yang et al., 1998 & Van Hof, 1998 . Metabolic reactions are catalyzed by enzymes.
Only a very small amount of conjugated catechins are present in plasma. Prior to determining the catechin metabolites in plasma and urine samples by HPLC, they must be pre-treated with β-glucuronidase and sulphatase in order to remove the respective functional groups.
The main metabolite which was identified in plasma is 4'-methyl-EGC. In 2 hours after consumption of green tea, the amount of 4'-methyl-EGC present in human plasma is 4-6 times greater than EGC (Yang et al., 1998) . Approximately 90% of 4'-0-methyl-EGC is excreted via the urine within 8 hours.
The EGCG metabolites, 4', 4"-di-0-methyl-EGCG, were identified in human plasma and urine after tea consumption using LC/MS/MS (Meng et al., 2002) .
The enzymes catalyze many reactions in small and large intestines, including decomposition of the flavonoids down to oxyaromatic acids. These compounds are also antioxidants and have a beneficial physiological effect. Unfortunately, very few studies were conducted to these metabolites.
In one study, the bioavailability and pharmacokinetics of catechins in the blood and urine after consumption of green and black tea, as well as green tea dietary supplements, was investigated in 30 volunteers. The content of catechins (EC, ECG, EGC, and EGCG) in the original beverages was determined by HPLC with coulometric detector.
The total amount of EC, ECG, EGC, and EGCG in the green and black tea drinks and in tea dietary supplements was 679.0±9.4, 496.5±3.3 and 386±3.2 mg respectively. Indian Darjeeling tea which contains a large amount of EGCG (on a level with green tea), was used for black tea. After catechin-containing drink consumption, total catechin content in plasma was measured in 30 healthy volunteers within eight hours. The highest content in plasma was 1-2 hours after the drinks were taken, and then the concentration of catechins slowly decreased to the initial zero value.
The greatest value of the total content of catechins in plasma, 1.2 μM/L, was reached after consumption of green tea. The maximum plasma concentration after consumption of black tea and dietary supplements was approximately 0.5 μM/l.
As was found previously, tea catechins are largely metabolized or broken down into simpler phenolic acids, such as 4-hydroxybenzoic, 3,4-dihydroxybenzoic, and 3-methoxy-4-hydroxyhippuric acids 48 . These acids also showed in vitro antioxidant activity. As noted above, EGCG is dimerized in an alkaline medium resulting in new compounds, theasinensins A and D, which have higher antioxidant activity than EGCG.
Influence of joint consumption of epigallocatechin gallate and caffeine on their absorption and metabolism in humans was also explored (Kiyotaka et al., 2009) . Caffeine reduces sulfonation and glucuronidation of epigallocatechin gallate. A metabolomic analysis of green tea was carried out by nuclear magnetic resonance (NMR) followed by chemometrics .
Conclusion
It can be concluded that when green tea is consumed orally, the tea catechins reach human plasma at the micromolar level (less than 1-2%). The metabolites of tea components are present in plasma to a greater extent, and they also show antioxidant activity and can protect people from various diseases.
However, the bioavailability of tea catechins was not sufficiently investigated. In order to assess the biological activity of tea components in vivo, various tea metabolites must be thoroughly studied and identified, and their antioxidant and other properties must be assessed.
Detailed study of the tea components' pharmacokinetic processes, such as absorption process, duration of their presence in the body, and excretion time, is also necessary.
It is absolutely necessary in order to be able to reasonably determine the optimal frequency of tea consumption in order to maintain a constant concentration of its biologically active components in human plasma during antioxidant therapy aimed at combating various diseases. 
